We have discovered an isotopically highly anomalous MgSiO 3 grain in the ungrouped carbonaceous chondrite Acfer 094 with a perovskite-like crystal structure resembling the dominant high-pressure mineral of the Earth's lower mantle. in the ejecta of a ∼2 M , close-to-solar metallicity red giant branch (RGB) or asymptotic giant branch (AGB)
1. INTRODUCTION Our solar system formed from the collapse of a molecular cloud to which several stellar sources such as RGB and AGB stars, novae, and supernovae contributed dust. Whereas the majority of this circumstellar dust equilibrated isotopically during solar system formation, a tiny portion of grains escaped this homogenization. These "presolar" grains are recognized in primitive meteorites and interplanetary dust particles (IDPs) by their anomalous isotopic compositions. The laboratory study of these pristine samples has provided a wealth of information about their stellar sources (e.g., Lodders & Amari 2005) . Among the presolar grains identified to date are diamond, silicon carbide (SiC), silicon nitride (Si 3 N 4 ), graphite, corundum (Al 2 O 3 ), titanium oxide (TiO 2 ), hibonite (CaAl 12 O 19 ), spinel (MgAl 2 O 4 ), and recently discovered silicates.
Silicates were detected in the disks and outflows of young and evolved stars by infrared spectroscopy over a decade ago (e.g., Waters et al. 1996) . Searches for presolar silicates in primitive solar system materials remained unsuccessful for a long time. Only new developments in high spatial resolution mass spectrometry have made their identification possible . It is now well established that presolar silicates are the most abundant presolar grain species besides nanodiamonds. Matrix normalized abundances of up to 810 ppm for isotopically primitive IDPs (Floss et al. 2006 ) and of up to 200 ppm for primitive meteorites (Nguyen et al. 2007; Vollmer et al. 2007 ) have been reported. Presolar grains not only provide isotopic information about their stellar sources, but also allow the testing of grain con-1 Current address: Schleifring und Apparatebau GmbH, Am Hardtanger 10, D-82256 Fürstenfeldbruck, Germany.
densation and transformation models in circumstellar environments and in the ISM. Whereas presolar minerals such as nanodiamond, graphite, SiC, and Al 2 O 3 have been well studied by transmission electron microscopy (TEM) (Daulton et al. 1996 (Daulton et al. , 2002 Croat et al. 2003; Stroud et al. 2004) , structural information on presolar silicates is very limited. From more than a hundred presolar silicates found so far, structural information obtained by TEM is available for only nine grains, of which seven are amorphous and two are olivine (Messenger et al. 2005 and references therein; Floss et al. 2006; Vollmer et al. 2007 ). Thermodynamic models for gas-solid condensation of silicates in O-rich stellar ejecta, calculated for low pressurehigh temperature conditions, lead to forsterite (Mg 2 SiO 4 ) and enstatite (MgSiO 3 ) as the first silicates to condense (e.g., Lodders & Amari 2005) . Astronomical observations can be used to evaluate the predictions of these models. There, chemical and mineralogical information is obtained by comparing infrared spectra with spectra of synthetic particles produced in the laboratory (e.g., Rietmeijer et al. 2002) . The spectra of O-rich stars show the presence of both amorphous and crystalline silicates, although amorphous silicates comprise the larger fraction in most astrophysical settings (Molster et al. 2002) . In the ISM, crystalline silicates have not been detected yet and their abundance is estimated not to exceed a few percent (Kemper et al. 2005) . It is unclear whether this is the result of destruction in the ISM (e.g., Molster et al. 2002) or an observational bias. Also, it is still unknown whether silicates nucleate homogeneously from the gas phase, although this is thermodynamically difficult, or whether they accrete onto previously condensed seed nuclei, such as TiO 2 or Al 2 O 3 . Only microstructural and analytical data acquired in the laboratory from these grains can help to answer these questions. Here we report the results of L50 VOLLMER ET AL.
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EXPERIMENTAL
The presolar silicate was detected in a thin section of the Acfer 094 meteorite. This ungrouped carbonaceous chondrite has not suffered aqueous or thermal alteration, resulting in an exceptionally good preservation of presolar material (Greshake 1997; Nguyen et al. 2007; Vollmer et al. 2007 ). The grain was identified by oxygen isotope mapping of a polished thin section of the meteorite with the NanoSIMS ionprobe at the Max Planck Institute for Chemistry in Mainz. A focused Cs ion ϩ beam (!100 nm, ∼1 pA) was rastered over a large number of fine-grained matrix areas, each 10 # 10 mm 2 in size. Negative secondary ions of 16,17,18 O, 28 Si, and 27 Al 16 O were simultaneously detected and converted to 256 # 256 pixel 2 ion images. The presolar silicate was identified by its anomalous isotopic composition ( Fig. 1) .
After NanoSIMS analysis, we prepared the grain for TEM studies with the focused ion beam (FIB) technique. This technique utilizes a Ga ion beam to remove specimens site-spe-ϩ cifically on a nanometer scale (e.g., Wirth 2004) . We worked with a Dual Beam Workstation (FEI Strata DB 235) equipped with an in situ nanomanipulator (Kleindiek MM3A). Structural and chemical investigations were done on a 200 kV TEM (Phillips CM 200). We performed bright and dark field imaging, selected-area electron diffraction (SAED), and energy-dispersive X-ray (EDX) analyses on the grain to identify its crystal structure and to determine its chemistry. For EDX analysis, the probe was focused onto the grain and spectra were acquired for 100 s using an ultrathin window EDX spectrometer (EDAX). The spectra were quantified using standard background corrections and Cliff-Lorimer thin-film techniques. Kfactors were obtained from mineral standards. Interplanar spacings were calculated from the SAED patterns using a camera constant, which was calibrated against synthetic standards and a natural clinopyroxene within the same FIB section.
RESULTS
The ∼500 nm sized grain ("1_07") shows an extreme 17 The strong diffraction contrast of the grain in TEM bright field imaging mode even during tilting of the sample points to a highly crystalline phase (Fig. 2) . Bragg diffraction exhibits sharp and well-defined spots indicative of a single crystal (Fig. 3) . The recorded zone axis pattern (ZAP) could not be indexed to any common pyroxene, olivine modification, or hydrous Mg-Si-O-structure. The best fit was obtained by applying the lattice constants of high-pressure MgSi perovskite with space group Pbnm (Sugahara et al. 2006) , the most abundant silicate phase of the Earth's lower mantle (see, e.g., Hemley & Cohen 1992 for review). This MgSiO 3 modification is stable only above ∼23 GPa at ∼1300 K. The observed b-and c-axes very accurately match the calculated values (Fig. 3) . We have to note that it was not possible to obtain a complete set of ZAPs for a comprehensive structural analysis of the grain. However, the observed d-values can be regarded as a clear fingerprint of a silicate perovskite-like structure. The only difference between the silicate grain analyzed here and the lower mantle perovskite structure is the presence of reflections of the type with and with , which h0l hϩ l p 2n ϩ 1 0kl k p 2n ϩ 1 should be absent in a structurally undisturbed MgSi perovskite. From dark field imaging, SAED, or the recorded lattice fringes, both double diffraction and polysynthetic twinning (Madon et al. 1989 ) seem unlikely to account for this observation. Instead, a supercell structure of double-sized cell parameters might be a better explanation. This structure has also been proposed for
synthetic MgSiO 3 perovskite from high-pressure experiments in order to explain extra peaks (Walter et al. 2004 and references therein), and is a well-known feature of thin-film perovskite structures (Banerjee et al. 2001) . EDX point measurements on the center and the rim showed that the grain consists of a very pure, nearly FeO-free (∼1 mol.% FeO) MgO silicate. Minor elements expected in presolar silicates, such as Al or Ca, were all below the detection limit of ∼0.5 wt.%. Only along the grain rim does EDX analysis give the expected stochiometric Mg : Si ratio of 1 : 1, whereas the center is characterized by a Mg enrichment relative to Si of ∼24%. This Mg enrichment remains unexplained, as the measured ratio does not fit into any common silicate structure. However, given the observation of a possible supercell structure, the grain may not necessarily have a stochiometric composition. Amorphization during EDX point measurements occurred rather rapidly (Fig. 2) , supporting the absence of common silicates such as olivine or pyroxene, which are stable under electron irradiation.
DISCUSSION

Isotopic Composition
Most presolar silicates and oxides found so far fall within the four O isotope groups defined by Nittler et al. (1997) and originate mainly from RGB/AGB stars with different masses and metallicities according to models of stellar nucelosynthesis and evolution (Boothroyd & Sackmann 1999) . In the context of these models, grain 1_07 formed in a star of ∼2 times the solar mass and close-to-solar metallicity. As the measured oxygen isotopic ratios of submicrometer-sized presolar grains are usually lower limits due to possible isotopic dilution with surrounding solar system material (Nguyen et al. 2007 ), the true isotopic composition is possibly even more extreme. If this were the case, condensation in nova ejecta, in which 17 O is highly overabundant (José et al. 2004) , is an alternative possibility. Analysis of the Si isotopic composition of grain 1_07 could allow to distinguish between an RGB/AGB star or a nova as the stellar source of the grain. Unfortunately, there is no material left for such an analysis. A third possibility is an origin in a very massive (14 M , ) red giant star that has experienced hot bottom burning. This scenario has been proposed for a highly 17 O-enriched presolar Al 2 O 3 grain (Nittler et al. 1997 ) and a presolar spinel grain (Lugaro et al. 2007 
Mineralogy
The formation of crystalline silicates in diverse astrophysical settings such as protoplanetary disks and ejecta of late-type stars is still a matter of debate (Scott & Krot 2005; Brownlee et al. 2007 and references therein). Direct condensation from a vapor phase or annealing in the hot inner regions of the stellar environment, followed by turbulent diffusion, have been proposed by several authors (e.g., Gail 2004) . Alternatively, annealing of silicate precursors in nebular or circumstellar shock waves at large distances from the central star has been hypothesized as a possible in situ mechanism to form crystalline silicates (Harker & Desch 2002) . A third possibility has been proposed by Molster et al. (1999) , who speculate about a low temperature process for silicate crystallization. These authors explain infrared bands of crystalline silicates observed in stellar environments too cold for annealing by an in situ process probably induced by high-energy particles (Carrez et al. 2002) . However, the nature of this process is not specified.
Grain 1_07 does not have a crystal structure predicted by thermodynamic condensation models of low-pressure stellar environments. Therefore, the formation of this silicate directly from the gas phase in the hot inner region of the parent star can be ruled out. A stellar high-pressure silicate instead points to formation by shock. The origin of the shock pressure regime in which grain 1_07 formed cannot be unequivocally constrained from our data. In the following we will discuss potential astrophysical environments in which the shock transformation might have occurred.
Shock transformation on the Acfer 094 parent body due to impacts must be excluded, as extensive studies have shown that the matrix of Acfer 094 is not affected by shock metamorphism (Greshake 1997) . It would also be highly improbable that an impact-generated shock would transform only a presolar grain, and not the surrounding matrix. Also, transformation of the grain by accretion shocks in the solar nebula shortly before parent body incorporation is problematic: Shock transformation of isolated grains such as 1_07 should have been found in larger quantities of solar system materials.
The dynamics of dust transformation in interstellar shocks have been studied in detail (Jones et al. 1994 (Jones et al. , 1996 (Jones et al. , 1997 Tielens et al. 1994; Jones 2004) . In shock waves, energetic grain-grain collisions and collisions between gas atoms/ions and dust grains lead to the loss of grain mass to the gas, and to changes in the grain size distribution. The evolution of large interstellar dust grains in shocks is dominated by the effects of fragmentation due to grain-grain collisions. Fragmentation may be accompanied by phase transformation because the grains achieve pressures high enough for silicate recrystallization and transformation, at least for a small fraction of the target grain Jones et al. 1996) . Whether there are specific conditions where this is possible also for complete large grain fragments remains to be seen. Grain 1_07 might be an example of a stellar silicate that was converted to a highly crystalline perovskite-like structure by an interstellar shock. Clearly, more theoretical modeling is needed to explore the possibility of phase transformation in grain-grain collisions for grains of the size of grain 1_07 in more detail.
An alternative to an interstellar origin are shock waves in the direct vicinity of the parent star. Expanding shells around stars in the post-AGB phase drive strong shock fronts through previously expelled dust at velocities similar to interstellar shock waves (see Lodders & Amari 2005 and references therein). The dust is thought to be destroyed effectively, yet it is still observed in the subsequent planetary nebula phase. As for the interstellar shock origin it remains to be seen whether future dust evolution models will be able to account for fragmentation and simultaneous phase transformation of large grains by stellar shock fronts.
Grain 1_07 could also have formed in the ejecta of an ONe or CO nova, thereby explaining the observed high 17 O enrichment (José et al. 2004) . The thermonuclear runaway explosion on the white dwarf of the binary system would drive a strong shock front through previously or simultaneously condensed silicates, allowing possible phase transformations. Enstatite is also expected to be the most abundant silicate phase to condense in nova ejecta (José et al. 2004 ).
During shock, partial vaporization may have altered the grain's chemistry by removing Mg from the grain's surface, Vol. 666 which has been observed in irradiated GEMS grains (Bradley 1994) . Shock cooling timescales are on the order of ∼10 Ϫ12 s (Tielens et al. 1987) , which is too short for diffusive reequilibration of overabundant MgO with MgSiO 3 to form Mg 2 SiO 4 . Temperature decrease in the postshock must have been sufficiently fast to quench the silicate perovskite structure. It is interesting to note that Mg-rich grains such as grain 1_07 are more easily annealed than their Fe-rich counterparts (Harker & Desch 2002) . The discovery of MgSiO 3 perovskite in a shock vein of the Tenham meteorite (Tomioka & Fujino 1997) proves that transformation of silicate precursors into the perovskite structure under nonstatic conditions in a shock front is indeed possible. Shock transformation must therefore be regarded as a viable mechanism for silicate recrystallization in some parts of the ISM or circumstellar environments.
In contrast to shock, a more speculative mechanism could be specific low-temperature formation conditions proposed by Molster et al. (1999) . Unusual crystal structures have been found in IDPs (Dai & Bradley 2001) , where a cubic sulfide phase documented by TEM presumably condensed from a lowtemperature vapor. Recent TEM analysis of a Mg-enriched presolar Al 2 O 3 grain also revealed a crystal structure not predicted by equilibrium condensation models ). Circumstellar nanodiamonds are thought to have formed largely by a nonequilibrium process similar to chemical vapor deposition (CVD) (Daulton et al. 1996) . Certainly, these observations do not indicate that MgSiO 3 perovskites behave similarly; however, thin-film experiments demonstrate that cubic perovskites can grow onto MgO-periclase seeds (Chern & Cheng 1999) . Grain 1_07 could have formed in an analogous way, which could explain the enhanced Mg concentration in the center of the grain. A low dust temperature (100-250 K) is also a general feature of crystalline silicate observations (Molster et al. 2002) , and superlattice structures often indicate lowtemperature ordering processes (Williams & Carter 1996) . To explore the possibility of formation of grain 1_07 under low temperatures it would be desirable that possible p-T conditions for silicate perovskite condensation be examined in future studies.
Infrared bands in the spectra of evolved stars and other astrophysical environments are generally attributed to wellknown phases. It should be examined whether infrared bands of orthorhombic MgSi perovskite could explain unidentified dust features or even infrared bands normally ascribed to orthorhombic enstatite. Furthermore, future TEM investigations of presolar silicates might reveal similar transformed structures. It is therefore possible that grain 1_07 represents a larger population of silicate stardust.
